Background: Newborn infants are endotoxin tolerant which may be responsible for their increased susceptibility to bacterial sepsis. Vitamin D has an immunomodulatory effect and newborn infants are at risk of vitamin D deficiency. We examined the in vitro effect of 1, 25-dihydroxyvitamin D (1,25OHD) on whole blood phagocytic toll-like receptor 4 (TLR4), CD11b, and reactive oxygen intermediates (ROIs) in newborn infants during sepsis. Methods: Whole blood from preterm infants <32-wk gestation, control term neonates, and adults were sampled for phagocytic expression of ROI, TLR4, CD11b in response to lipopolysaccharide (LPS), and 1,25OHD using flow cytometer. results: ROI production from newborn phagocytes incubated with LPS alone was decreased. Pretreatment with 1,25OHD demonstrated increased (P = 0.001) phagocytic ROI production in newborns but not in adults. 1,25OHD did not have any effect on TLR4 and CD11b in both newborns and adults. Pretreatment with ROI inhibitors (apocynin (APO) and diphenyleneiodonium), phosphoinositide 3-kinase (PI3K) inhibitor, and p38 inhibitor blocked neutrophil ROI production. conclusion: Neonatal phagocytic cells had diminished ROI production in the presence of LPS, however, pretreatment with 1,25OHD reversed this hyporesponsiveness. This action by 1,25OHD was mediated by activation of nicotinamide adenine dinucleotide phosphate oxidase system through PI3K signaling enzymes. n eonates can be immune tolerant in the presence of infection, and this state of immune hyporesponsiveness potentially increases neonatal vulnerability to infection (1,2). Endotoxin tolerance is a reduced responsiveness to a bacterial lipopolysaccharide (LPS) challenge following a first encounter with endotoxin. The respiratory burst is an essential mechanism by which neutrophils and monocytes kill invading micro-organisms (3). Antimicrobial activity by newborn neutrophils is decreased (4) due to an altered nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system which is even further decreased in preterm infants (5). Although there is increased superoxide anion (O 2 − ) production in cord blood compared with adults, the generation of hydroxyl radical (.OH) is relatively decreased (6). This defect contrasts to adult neutrophils with increased respiratory burst in response to bacterial pathogens (7).
n eonates can be immune tolerant in the presence of infection, and this state of immune hyporesponsiveness potentially increases neonatal vulnerability to infection (1, 2) . Endotoxin tolerance is a reduced responsiveness to a bacterial lipopolysaccharide (LPS) challenge following a first encounter with endotoxin. The respiratory burst is an essential mechanism by which neutrophils and monocytes kill invading micro-organisms (3) . Antimicrobial activity by newborn neutrophils is decreased (4) due to an altered nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system which is even further decreased in preterm infants (5) . Although there is increased superoxide anion (O 2 − ) production in cord blood compared with adults, the generation of hydroxyl radical (.OH) is relatively decreased (6) . This defect contrasts to adult neutrophils with increased respiratory burst in response to bacterial pathogens (7) .
The processes of neutrophil adhesion and diapedesis are mediated by the CD11b subunit adhesion molecule of macrophage-1 antigen (Mac-1) (4). Impairment of neutrophil adherence, chemotaxis, and migration in neonates increases their susceptibility to infection in the first month of life (8) . Tolllike receptor 4 (TLR4) plays an important role in detecting microbial infection and triggering antimicrobial host defense responses and endotoxin signaling (9, 10) . Neonatal neutrophils displayed increased TLR4 expression following heat shock and LPS, in contrast to adults (11) . Immunomodulation may protect neonates with sepsis. 1,25-dihydroxyvitamin D (1,25OHD) exerts biological effects in isolated innate immune cells, but its effect in whole blood neutrophils and monocytes TLR4, reactive oxygen intermediate (ROI), and CD11b is unclear. We hypothesized that vitamin D may have a biological effect in whole blood innate immune cells of neonates. We aimed to examine the in vitro effect of 1,25OHD on whole blood neutrophils and monocytes TLR4, CD11b, and ROI from preterm and term infants.
RESULTS

Patient Characteristics
There were 16 healthy adult controls, 12 healthy term neonatal controls, and 17 preterm infants < 32-wk gestation in this study. The adult controls had a mean ± SD age of 37 ± 6 y, with seven males and nine females. The healthy term neonatal controls had a mean ± SD gestational age of 40 ± 1 wk, and there were eight males and four females. Preterm infants had a mean gestational age of 30 ± 2 wk, of which eight were males and nine were females. Mean ± SD serum vitamin D status was available for 14 of the 16 healthy adult controls (41.5 ± 30 nmol/l), 11 of the 12 healthy term neonatal controls (41.2 ± 27 nmol/l), , from healthy adults (white bar, n = 10), preterm infants <32-wk gestation within 24 h of delivery (black bar, n = 10), and umbilical cord samples from term neonates (hatched bar, n = 10) after vaginal delivery. Preterm infants' and term controls' CD11b expression in the presence of LPS is lower than in adult controls (*P < 0.0001) and (**P = 0.05), respectively. Pretreatment with 1,25OHD had no effect on CD11b and TLR4 expression in all groups. Results were expressed as Ln mean channel fluorescence (LnMCF) and error bars displayed as SEM. of LPS with no significant difference in both neutrophil and monocyte ROI baseline expression between preterm infants and both control groups (Figure 1) . ROI production from preterm and term neonatal neutrophils incubated with LPS alone was diminished and almost similar to baseline (control). However pretreatment with 1,25OHD before adding LPS demonstrated an increase (P = 0.001) in ROI production in neutrophils for both preterm and term neonates (Figure 1a) . Pretreatment with 1,25OHD also increased ROI production in term control infants independent of LPS. Pretreatment with 1,25OHD before adding LPS also demonstrated a significant increase (P = 0.04) in ROI production in monocytes for term neonatal controls (Figure 1b) .
Neutrophil CD11b baseline expression and LPS upregulation showed no significant difference between preterm infants and both control groups (Figure 2a) . CD11b expression of preterm infants and term neonatal controls in the presence of LPS was lower than in adult controls (P < 0.0001 and P = 0.05, respectively). Similarly, monocytes CD11b expression of preterm infants and term neonatal controls in the presence of LPS was lower than in adult controls (P < 0.0001 and P = 0.002, respectively; Figure 2b ). Pretreatment with 1,25OHD had no effect on neutrophil or monocyte CD11b expression in both preterm infants and controls. There was no difference in both neutrophil and monocyte TLR4 baseline and LPS-induced expression between preterm infants and both control groups (Figure 2c,d) . Neutrophil TLR4 expression of preterm patients in the presence of LPS was increased compared with adult LPS TLR4 expression (P = 0.02; Figure 2c ). Pretreatment with 1,25OHD had no effect on neutrophil and monocyte TLR4 expression in both preterm infants and controls. Similar expressions of CD11b, TLR4, and ROI as with pretreatment with 1,25OHD were noted in both neutrophils and monocytes, however, simultaneous incubation with 1,25OHD had no effect on neutrophil and monocyte TLR4, CD11b, and ROI in all groups (results not shown). We assessed the contribution of NADPH oxidase to enhanced neutrophil ROI production observed in 1,25OHD pretreated term neonatal whole blood. Pretreatment with 1,25OHD before adding LPS demonstrated a significant increase (P = 0.0001) in neutrophil ROI production, but pretreatment with specific (apocynin (APO)) and nonspecific (diphenyleneiodonium (DPI)) NADPH oxidase inhibitors blocked this effect in a dose-dependent manner (Figure 3a,b) .
PI3K Inhibitor LY 294002 and p38 Inhibitor SB 203580 Suppressed 1,25OHD-Enhanced Neutrophil ROI Production
Kinases participate in NADPH oxidase activation including protein Kinase C (PKC), p38 mitogen-activated protein kinase (p38 MAPK), extracellular signal-regulated kinase (ERK), and phosphoinositide 3-kinase (PI3K). PI3K regulates 1,25OHD ROI production in human monocytic cell lines (12, 13) . PI3K inhibitor LY 294002 and P38 inhibitor SB 203580 suppressed 1,25OHD augmented LPS ROI production even at 1 µM (Figure 4a,b) . However, the ERK inhibitor, PD 98059, had an Articles effect only at a very high concentration of 100 µM (Figure 4c) . Having established that blocking downstream PI3K and p38 in the LPS/TLR4 pathway suppressed 1,25OHD augmented increase in term infants' neutrophil ROI production, we found that blocking TLR4 had no effect on 1,25OHD ROI production (Figure 4d ) implying that 1,25OHD is not dependent on TLR4 receptor for its effect on ROI production.
1,25OHD Effect on Phosphorylation of Akt, p38, and ERK Signaling Proteins
Expression of phosphorylated PI3K, p38, and ERK ( Figure 5 ) shown as Ln mean channel fluorescence was observed in both untreated and stimulated samples. There was a significant difference in the expression of phosphorylated p38 (P = 0.0001) and ERK (P = 0.0006) between untreated and samples stimulated with phorbol myristate acetate (PMA) (Figure 5a,b) . 1,25OHD did not show any effect on the expression of phosphorylated Akt, p38, or ERK.
DISCUSSION
We have demonstrated that ROI production from preterm and term neonatal neutrophils in whole blood incubated with LPS alone was unchanged and almost similar to baseline. However, pretreatment of both preterm and term neonatal whole blood with 1,25OHD before incubation with LPS increased neutrophil and monocyte production of ROI. This effect was higher in term compared with preterm infants. Our study showed a positive correlation between vitamin D status and ROI production in term infants with maximal effect at a vitamin D status of approximately 65 nmol/l beyond which no added effect was noticed. Yang et al. (14) reported that increased ROI production also inhibits granulopoiesis under endotoxin stimulation. Therefore, increased ROI production may combat infection but has a risk of increased tissue damage and decreased granulopoiesis. Increased production of ROI in term neonatal neutrophils was decreased by pretreatment with increasing concentrations of specific NADPH oxidase inhibitor APO and nonspecific inhibitor DPI, thus confirming 1,25OHD action was mediated by the NADPH oxidase. There was inhibition of ROI production when only 1,25OHD3 was added to samples containing APO and DPI compared with when both 1,25OHD and LPS were added. This finding indicates that NADPH oxidases are the major sources of ROI in 1,25OHD-augmented ROI production, but NADPH oxidases may not be the only source of ROI in LPS-treated neutrophils. We demonstrated that this 1,25OHD action in term neonatal whole blood neutrophils was effected through p38 and PI3K enzymes. PI3K inhibitor LY 294002 and p38 inhibitor SB 203580 suppressed 1,25OHD-augmented LPS ROI production even at 1 µM. There was a difference in the expression of phosphorylated p38 and ERK between untreated and stimulated samples. However, this difference was not noted in Akt signaling. One possible explanation of this is that freshly prepared cells show Akt phosphorylation, which is PI3K dependent (15) and could mask any difference between untreated and stimulated cells noticed in our results for Akt. Our results showed a trend of increased Akt phosphorylation in 1,25OHD/LPS-treated samples and inhibition of PI.3K showed a trend toward inhibition of Akt phosphorylation though these were not statistically significant. 1,25OHD did not show any effect on the expression of phosphorylated p38 or ERK. Blocking TLR4 had no effect on 1,25OHD ROI production, implying that 1,25OHD is not dependent on TLR4 receptor for its effect on ROI production similar to PMA action on ROI production which is receptor independent. From our results, 1,25OHD either directly activates PI.3K enzymes or activates other enzymes downstream of TLR4, which in turn ultimately activates PI.3K enzymes and ultimately activates ROI production through NADPH oxidase. 
Articles
We also showed that simultaneous addition of 1,25OHD with LPS had no effect in either term or preterm neonatal whole blood neutrophils and monocytes. These findings may imply that giving vitamin D to newborn infants at time of sepsis will not have any effect in bactericidal action through ROI production, but having sufficient vitamin D before sepsis may induce antibacterial action via this mechanism. Our results showed no significant difference in both baseline and LPS-induced whole blood neutrophil ROI production between preterm and term infants. Björkqvist et al. (5) showed a similar baseline neutrophil ROI in term and preterm neonates. However, term infants have significantly increased oxidative burst in response to coagulase-negative staphylococci in vitro compared with preterm infants.
Previous studies in human monocytic cell line had shown that 1,25OHD induced generation of ROIs and was antimycobacterial (12, 13) . This effect was shown to be regulated by PI3K and mediated by NADPH oxidase system, although the effects of p38 or ERK effector enzymes were not assessed. Hmama et al. (12) postulated that 1,25OHD treatment induced the formation of a vitamin D receptor-PI3K complex representing a novel nongenomic signaling pathway activated by 1,25OHD.
We have shown similar baseline whole blood neutrophil CD11b expression in preterm neonates compared with adults in keeping with other studies (16, 17) . We found that whole blood neutrophils and monocytes CD11b expression was significantly increased in response to LPS in each group compared with baseline. CD11b expression of preterm infants and term neonatal controls in the presence of LPS was significantly lower than in adult controls, and this was more obvious in preterm patients. We did not show any effect of 1,25OHD on neutrophil and monocyte CD11b expression in both preterm infants and controls, although increased CD11b expression in THP-1 cells has been shown in response to 1,25OHD (12) . This could be explained by the fact that cell lines are not representatives of human cells and may respond differently. THP-1 cells are widely applied to mimic monocytes in cell culture models but differ in functional responses comparable with whole blood. Schildberger et al. (18) demonstrated that THP-1 cells differ from whole blood with respect to cytokine release after stimulation with LPS. Watson et al. (19) demonstrated that isolation procedures prime both receptor expression and oxidase function in isolated cells compared with whole blood. Thus, the use of whole blood, as in our study, had an advantage of less interference with cell function and serum factors.
We showed no significant difference in whole blood neutrophil and monocyte TLR4 baseline expression between preterm infants and both control groups. LPS-induced whole blood neutrophil TLR4 expression was higher in preterm neonates compared with control groups though not statistically significant, and pretreatment with 1,25OHD or simultaneous addition in the presence of LPS did not show an effect. Sadeghi et al. (20) had previously demonstrated downregulation of TLR4 expression after 1,25OHD was incubated for 12-72 h in human cultured monocytic cell lines which is different to whole blood neonatal samples used in our experiments.
In conclusion, we have demonstrated that newborn preterm infants were hyporesponsive to LPS with decreased neutrophil ROI production and CD11b expression compared with controls which recovered upon pretreatment with 1,25OHD with regard to ROI production. 1,25OHD may enhance neonatal whole blood neutrophil ROI production in the presence of infection thus overcoming endotoxin tolerance. In animals, LPS hyporesponsiveness is a highly effective mechanism of protection against the lethal syndrome of severe sepsis (21) (22) (23) , but in humans, it is associated with increased mortality (24) . Understanding endotoxin tolerance in neonates may assist in creating future adjuvant therapies for both sepsis and adverse outcomes, and optimizing 1,25OHD is a promising solution especially with rising antibiotic resistance (25) .
METHODS
Reagents and Antibodies
The reagents and antibodies used in this study are PBS tablets (Oxoid, Thermo Fisher Scientific, Cambridge, UK); phycoerythrin labeled 
Study Population
This study was approved by the ethics committees of National Maternity Hospital, Dublin, Ireland, for the study period from August 2011 to June 2014. All participants were informed of the nature of the study, and written consent was obtained prior to recruitment. The following patient groups were recruited:
1. Adult controls: Healthy hospital and laboratory adult staff aged 22-48 y, both males and females. 2. Term neonatal controls: Normal term neonates delivered by normal spontaneous vaginal delivery. All infants had an uncomplicated postnatal course with Apgar scores of 9 at 5 min. 3. Preterm infants: <32-wk gestation admitted to neonatal intensive care unit within 24 h of birth. All preterm infants who participated in this translational study were delivered by spontaneous vaginal delivery. Infants >32-wk gestation, infants with major congenital anomalies, maternal substance abuse, postnatal transfers from other hospitals, and those who died prior to admission to the neonatal intensive care unit were excluded from the study.
All blood samples for in vitro studies were collected in accordance with established standard operating procedure in a closed system sodium citrate anticoagulated blood bottle and analyzed within 90 min of collection. The adult samples were used as an internal positive control in the experimental model. Blood samples (1 ml) were taken from preterm infants during routine phlebotomy from either a central line or peripheral sample and from cord blood of normal term neonates born by vaginal delivery. Whole blood was incubated for 1 h at 37 °C with the pro-inflammatory agent LPS 1 µg/ml to mimic an inflammatory response in vitro. In addition, 10 -8 M of 1,25OHD was added following a dose-response study (results not shown) (26) .
Vitamin D Measurement
All recruits had their baseline vitamin D status assessed. Blood samples (1 ml) were collected in clotted specimen bottles, and the separated serum were stored at −80 °C freezer which were later sent in batches for analysis of 25OHD concentration using the Elecsys vitamin D total automated competitive binding protein assay (Roche Diagnostics GmbH, Mannheim, Germany) (27) . This method employs a recombinant vitamin D binding protein (VDBP) as capture protein and has been standardized against LC-MS/MS, which in turn has been standardized to the NIST standard. The coefficients of variation for the 25OHD assay determined at assay validation were as follows: inter-assay coefficients of variation, 13.1% at a concentration of 14.7 nmol/l, 7.7% at 43.7 nmol/l, and 2.2% at 110.9 nmol/l; intra-assay coefficients of variation, 8.8% at a concentration of 14.7 nmol/l, 3.6% at 43.7 nmol/l, and 2.1% at 110.9 nmol/l.
Quantification of Cell Surface Antigen Expression
The expression of CD11b and TLR4 antigens on the surface of neutrophils and monocytes was measured by flow cytometry as previously described. Whole blood (50 µl) was treated with 5 µl of PE-CD11b and 2.5 µl anti-human TLR4 antibody and left at 4 °C for 20 min. The flow cytometer used was a BD Accuri C6 with a C Flow Plus software. A minimum of 5,000 events were collected and analyzed (28) .
Respiratory Burst Activity: Generation of ROIs
Generation of ROIs was evaluated by flow cytometry using the technique of Smith and Weidemann (29) . Whole blood (50 µl) was incubated with DHR 123 (50 µl) and PBS (450 µl) at 37 °C for 10 min. Cells were stimulated with 1 µl (16 µM) of PMA for 20 min at 37 °C. The reaction was then halted by placing samples on ice. Neutrophil and monocyte fluorescence intensity was assessed by flow cytometry and expressed as Ln mean channel fluorescence (LnMCF). DHR 123 has been shown to detect mainly intracellular H 2 O 2 and OH radical production (29) .
Assessment of ROI Production with Specific NADPH Oxidase
Inhibitor APO and Nonspecific NADPH Oxidase Inhibitor DPI The inhibitors of NADPH oxidase system APO (highly specific) and DPI (nonspecific) were solubilized in 100% dimethyl sulfoxide (DMSO). In our reconstitution of the NADPH oxidase inhibitors, both salts were diluted 100-fold with DMEM upon addition to whole blood thus exposing the blood to a final DMSO concentration of 1%. Given the chance of DMSO toxicity and possibility of false-positive results as noted earlier, we employed a vehicle control using this concentration which had no effect on whole blood. We pretreated whole blood samples for 30 min with increasing concentrations of 1, 10, and 100 µM for both inhibitors prior to addition of LPS (1 µg/ml) and 1,25OHD (10 -8 M).
Inhibition of PI3K, P38, and ERK Effector Enzymes
The effect of blocking NADPH oxidase effector enzymes on 1,25OHD whole blood neutrophil ROI response was assessed using the following: PI3K inhibitor (LY 294002), ERK inhibitor (PD 98059), and p38 inhibitor (SB 203580), at increasing concentrations of 1, 10, and 50 µM for 30 min of pre incubation. The salts were solubilized in 100% DMSO and further diluted 100-fold before addition to whole blood as previously explained.
Assessment of TLR4 Inhibition
Specific TLR4 blocker, TAK-242 (CLI-095), was solubilized in 100% DMSO and diluted further 100-fold as previously explained. Whole blood was pretreated and incubated with TAK-242 at increasing concentrations of 1, 5, and 10 µM for 30 min prior to experiments as previously described (30) .
Assessment of Signaling Proteins; Phosphorylated Akt, p38, and ERK; and Effects of Inhibitors
The action of 1,25OHD on the activation (phosphorylation) of neutrophil effector enzymes, Akt, p38, and ERK, by intracellular flow cytometry using term neonatal whole blood was assessed. The effects of blocking these enzymes with PI3K inhibitor LY 294002, P38 inhibitor SB 203580, and ERK inhibitor PD 98059 on phosphorylation of enzymes were also assessed. We used 10 µM of each of these inhibitors which we had previously established to exert an effect. Methods for whole blood intracellular flow cytometry were adapted from Chow et al. (31) . Hundred microliter of whole blood from healthy term infants was ± pretreated and incubated with p38 MAPK inhibitor SB 203580, PI.3K inhibitor LY 294002, and ERK inhibitor PD 98059 for 30 min. Whole blood was then pretreated with ± 10 -8 M 1,25OHD and incubated with ± LPS (1 µg/ml) as in previous experiments. PMA was subsequently added and incubated for 20 min at 37 °C, rest of experiments as previously validated by Chow et al. (31) .
For all the neutrophil function tests, the same person performed all the experiments which reduced variability of results. Each experiment on the same patient was always performed in duplicate, and any pair with a difference of more than 5% was discarded. The adult controls were recruited from the pediatric unit staffing and performed on the same day as the patient samples.
Statistical Methods
Matched paired t tests were used to compare mean measurements between two independent groups. For comparing a cross group, one-way ANOVA with Tukey post hoc comparison method was used. Statistical analysis was carried out using ANOVA using PASW statistical package version 18. Significance was assumed for values of P less than 0.05. Results are expressed as mean ± SD unless otherwise indicated.
